A new series of N, N -type 2-(2'-pyridyl)benzimidazole ligands (2A 1 , 2A 2 , 3B 1 , 3B 2 , 3B 3 , and 4C 1) and their Pd(II) complexes (5A 1 , 5A 2 , 6B 1 , 6B 2 , 6B 3 , and 7C 1) were prepared and characterized by conventional spectroscopic methods and elemental analyses. The incorporation of N -coordinated benzimidazole complexes of palladium gave high catalytic activity in the Suzuki-Miyaura coupling of aryl halides substrates. After determining the best active catalyst as 5A 1 , bearing the mesityl substituent on the benzimidazole ring with the Pd(II) ion, optimization studies were carried out via changing the substrate, base, time, atmosphere, and the effect of water. The DMF:H 2 O (4/1) and Cs 2 CO 3 as base were found to be critical for the efficiency of the reaction yield (100%).
Introduction
There has been a long-standing interest in the properties of palladium complexes because they are widely used as catalysts for carbon-carbon bond forming reactions.
1 These reactions are key steps in many syntheses of organic chemicals and natural products, as well as in a variety of industrial processes. 2 Important examples for this type of catalysis are the Suzuki-Miyaura, 3 Negishi, 4 Kumada, 5 Hiyama, 6 and Stille 7 reactions. The palladium-catalyzed reaction of aryl chlorides with arylboronic acid (the Suzuki-Miyaura reaction, Scheme 1a)
or with alkenes (the Heck reaction, Scheme 1b) is one of the most common methods for C-C bond formation and has attracted much current interest.
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Scheme 1. Cross-coupling of an aryl halide: (a) the Suzuki-Miyaura and (b) Heck-Mizoroki reaction. * Correspondence: ulusoymahmut@harran.edu.tr
The Suzuki-Miyaura reaction is one of the most important carbon-carbon bond forming reactions and has been widely used in industrial organic synthesis. 13, 14 Traditionally, this reaction is promoted by catalysts based on Pd, which is a precious metal. Due to several advantages, including relative mild reaction conditions, tolerance of a broad range of functional groups, and the compatibility towards water as solvent or cosolvent, the Suzuki-Miyaura reaction is applicable for the preparation of, for example, fine chemicals and pharmaceuticals on an industrial scale. 15−17 Hence, the Suzuki-Miyaura cross-coupling reaction is one of the most widely used methods for the construction of biaryl compounds, owing to the stability and low toxicity of the organoboranes relative to other organometallic reagents.
18−25
The traditional Suzuki-Miyaura reaction usually proceeds using P-and N-ligand based palladium catalysts, 25 and much attention has been paid to improve the Suzuki-Miyaura reaction by designing various new ligands. Pd-N coordinated complexes also showed good catalytic performance in Suzuki-Miyaura coupling reactions.
26−29
However, most of these ligands are expensive, which has significantly limited their industrial applications. Therefore, the development of efficient catalytic systems consisting of economical catalysts is still a highly desirable goal.
We report here the synthesis and spectroscopic characterization of the Pd(II) complexes (5A 1 , 5A 2 ,
3B 1 , 3B 2 , 3B 3 , and 4C 1 ) were determined by 1 H and 13 C NMR spectra. All of the Pd(II) complexes (5A 1 , 5A 2 , 6B 1 , 6B 2 , 6B 3 , and 7C 1 ) were screened in the Suzuki-Miyaura cross-coupling reactions of aryl halides with phenylboronic acid. The optimal catalytic conditions were investigated in detail via changing the substrate, base, time, atmosphere, and the effect of water.
Results and discussion

Synthesis of compounds
As summarized in Scheme 2, PBI ligands (2A 1 , 2A 2 , 3B 1 , 3B 2 , 3B 3 , and 4C 1 ) were prepared in moderate yield by one pot reaction via deprotonation of PBI using a base such as NaH or KOH, followed refluxing the 1:1 molar ratio of benzyl halides in anhydrous toluene or tetrahydrofuran (THF) (Scheme 2 The IR spectra of the Pd(II) complexes are compared with those of the free ligand in order to determine the coordination sites that may be involved in chelation. There are some guide peaks in the spectra of the ligands, which are of good help for achieving this goal. The position and/or the intensities of these peaks are expected to change upon chelation. Coordination of the ligands to the metal through the nitrogen atom is expected to reduce the electron density in the azomethine link and lower the ν (C=N) absorption frequency.
The very strong and sharp bands located at 1625-1600 cm −1 are assigned to the ν (C=N) stretching vibrations of the azomethine of the ligands. These bands are shifted 5-10 cm −1 to a lower wavenumber, which supports the participation of the azomethine group of these ligands in binding to the palladium ion.
30,31
Catalytic studies
The palladium-catalyzed reactions of aryl halides with arylboronic acids (the Suzuki-Miyaura reaction) is the most common method for C-C bond formation. 32, 33 The palladium-catalyzed reactions are usually carried out homogeneously in the presence of a base. The reactivity of the aryl halide component decreases sharply in the order X = I > Br > Cl and electron withdrawing substituents R are required for the chlorides to react.
32−38
The palladium complexes (5A 1 , 5A 2 , 6B 1 , 6B 2 , 6B 3 , and 7C 1 ) were tested as catalysts for the Suzuki-Miyaura coupling reactions to give the biaryl compounds. We initially studied the reaction of phenylboronic acid with 4-bromoacetophenone in DMF/H 2 O as a model reaction under heating to 80
• C in the presence of 1.5 mmol % of Pd(II) metal catalysts and 1.5 mmol of bases. The comparison of synthesized catalysts at the same catalytic conditions is summarized in Table 1 . Reaction conditions: 1.5 mmol % Pd, 1 mmol 4-bromoacetophenone, 1.5 mmol phenylboronic acid, 3 mL solvent
The yields checked by GC analysis.
The synthesized metal complexes were compared in the same catalytic conditions. From the results in Table 1 , it is evident that the palladium complex that contains electron donating mesityl substituent with mono NN type 5A 1 complex is the most effective of the complexes examined. After determining the best active Reaction conditions: 1.5 mmol % 5A 1 , 1 mmol arylhalide, 1.5 mmol phenylboronic acid, 3 mL solvent
. a The yields checked by GC analysis catalyst, the optimization studies were carried out by changing various parameters such as temperature, time, aryl halide, and base.
In order to find the optimum conditions, a series of experiments was performed with 4-bromoacetophenone and phenylboronic acid, which were to be model compounds ( Table 2 , entries 1 and 2). The yield was increased with increasing time from 1 to 2 h as reaction time. When we used the 4-chloroacetophenone as substrate, moderate yields (Table 2, entries 13 and 14) were achieved, but coupling of electron-neutral 4-chlorobenzene electron-rich 4-chloroanisole (Table 2 , entries 15 and 16) was unsuccessful.
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According to Figure 1 , water positively affected the reaction yield. The effect of the catalyst was examined for the Suzuki-Miyaura cross-coupling reactions (Figure 2 ). It can be seen that the reaction yield is strongly affected by the catalyst. The effect on the reactions of the bases was also investigated. As a base, Cs 2 CO 3 was the best choice in water-DMF (1/4) systems ( Figure 3 ). All catalytic reactions were carried out in inert atmosphere. Even in this atmosphere the catalyst was still effective (Figure 4 ). 
Experimental
Materials and measurements
All reagents and solvents were of reagent-grade quality and obtained from commercial suppliers (Merck, SigmaAldrich, Acros Organics, and Alfa-Aesar). 1 H NMR spectra were recorded at 25
• C using an Agilent-VNMRS-400 spectrometer at 400 MHz or a Bruker Avance DRX spectrometer at 300 MHz. 
General procedure for the Suzuki-Miyaura coupling reactions
Pd(II) complex (1.5% mmol), phenylboronic acid (1.5 mmol), aryl halides (1 mmol), base (1.5 mmol), and solvent (3 mL) were added to a Schlenk tube under nitrogen atmosphere. The Schlenk tube was stirred at 80
• C for the desired hours. The reaction mixture was then cooled to room temperature, diluted with CH 2 Cl 2 , and filtered through Celite. The yield of the reaction was determined by GC (Agilent 7820A).
General procedure for synthesis of the ligands
The ligands 2A In a two-necked, 100-mL round-bottom flask equipped with a blanket of nitrogen (N 2 ) was placed 30 mL of anhydrous toluene or tetrahydrofuran (THF) at room temperature for each ligand. KOH (0.56 g, 10.0 mmol) was added to these solutions, then a solution of 2-pyridylbenzimidazole (1.95 g, 10.0 mmol) in anhydrous toluene (10 mL) was slowly added and stirred at reflux for 6 h. To these solutions, benzyl halides were added such as 2,4,6-trimethylbenzyl bromide (2. 33 g, 3. 3 mmol) for ligand 4C 1 , respectively, and then heated under reflux for 24 h. The volatiles were evaporated in vacuum to dryness. The residue was dissolved in CH 2 Cl 2 and filtered via cannula on Celite. The solution was concentrated to 15 mL and then the desired product was precipitated in 30 mL of n-hexane. 
General procedure for the synthesis of the Pd(II) complexes
The complexes were synthesized as follows:
In a two-necked, 50-mL round-bottom flask equipped with a blanket of nitrogen (N 2 ) was placed 15 mL of anhydrous tetrahydrofuran (THF) at room temperature for each metal complex synthesis. The solution of 1.0 mmol of each ligand in 7 mL of anhydrous tetrahydrofuran (THF) was stirred for 20 min. Then PdCl 2 (CNMe) 2 (1.0 mmol for complex 5A 1 , 1.0 mmol for complex 5A 2 , 2.0 mmol for complex 6B 1 , 2.0 mmol for complex 6B 2 , 2.0 mmol for complex 6B 3 , and 3.0 mmol for complex 7C 1 ) was added to the ligand solution. Once the metal salt was added, the color of reaction mixtures immediately turned to yellowish. The reaction mixtures were stirred at 60
• C for 2 h. Then 25 mL of n-hexane was added to mixtures for precipitation and the crude product was filtered off, washed with THF, and filtered off again to remove unreacted ligands. The resulting solids were redissolved in CH 2 Cl 2 (5 mL) and then precipitated with diethyl ether (10 mL) to give the clear crystal solid. 
Conclusion
In the numerous catalyst optimization studies that have been published, the principal focus is often to test the robustness of the catalytic system as a function of the reaction conditions and substrate scope. Here, a simple method is given for the preparation of Pd(II) complexes that are coordinated by substituted PBI (mono-NN, di-NN, and tri-NN types) ligands. These complexes were found to be active catalysts for the Suzuki-Miyaura cross-coupling reactions using DMF/H 2 O (4:1) as solvent. In order to find optimum conditions a series of experiments was performed with 4-bromoacetophenone and phenylbronic acid as model compounds. These simple reaction conditions allow for the cross-coupling of aryl halides with phenylbronic acid yielding biaryls in high yields. We also showed that temperature in this system has a minimal effect on the coupling itself. Efforts focused on identifying the effects of the base, water, time, and air in the coupling reactions.
